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to insert nucleotides opposite thymine dimers in DNA templates in vitro. Moreover, depletion of PPL2 causes a severe cell cycle defect after most nuclear DNA synthesis is complete and activation of the DNA damage response [15] . What endogenous feature(s) of the nuclear T. brucei genome PPL2 acts upon is unknown, though the TLS Pol was very recently shown to be a component of telomere-binding protein complexes in trypanosomes [16] . Telomereassociated proteins are of particular interest in T. brucei. Besides their function in telomere maintenance, they are involved in one of the most important strategies used by pathogens to evade the vertebrate host immune response: antigenic variation (reviewed in [17] ). In T. brucei, antigenic variation is mediated by a periodic exchange of a protective coat composed of variant surface glycoprotein (VSG) [18] . There are more than 2000 VSG genes or pseudogenes in the T. brucei genome [19] ; [20] but at any given time only a single VSG gene is expressed from one of approximately 15 specialized loci, the so-called bloodstream VSG expression sites (BES) [21] . BES are always located adjacent to telomeres and switching of the expressed VSG can occur by events that change which of the BES is singularly transcribed, or by recombination reactions that replace the BES VSG with a silent gene [22] .
Several telomere-associated proteins are known to be involved in the transcriptional control mechanisms that ensure only a single BES is transcribed, and to affect VSG recombination [17] . For example, repressor activator protein 1 (RAP1) appears to be necessary for monoallelic expression of VSG genes because depletion of RAP1 partially de-represses all silent BES [23]. Furthermore, it was shown that the telomere duplex DNA-binding factor TRF suppresses homologous recombination of VSG sequences into the active BES [24] . The TRF interacting factor 2 (TIF2) also appears to be a negative regulator of VSG switching in collaboration with TRF, but by an additional mechanism that is independent from TRF association [25] ; [26] . Beyond such telomere-focused observations, recent work has shown that the actively transcribed BES is replicated early in S-phase, whereas all silent BES are replicated later [27] . What factors dictate that only the transcribed BES is early replicating, and how the BES replication process relates to the rest of the genome, is unknown
[28]; [29] ; [30] . Furthermore, accumulating evidence indicates that the active BES contains RNA-DNA hybrids [31] ; [32] , which can lead to DNA damage, and all BES are prone to lesions [33] , but whether these observations relate to specific aspects of BES replication is unknown.
Since the exact mechanisms of BES monoallelic transcriptional control and potential targeting of recombination events in the BES remain elusive, we were intrigued to find that, in addition to PPL2, a further putative TLS Pol, termed PolN, is a telomere-associated protein, since it could be purified with a telomeric repeat-containing oligonucleotide and by co-immunoprecipitation with TRF [16] . Here, we show that PolN displays discrete localisation to the nuclear periphery of T. brucei mammal-infective cells and that RNAi-mediated depletion of PolN results in slowed growth without a specific cell cycle arrest, accumulation of DNA damage and chromosome segregation defects. We also document substantial deregulation of telomeric VSG genes after PolN depletion, which suggests at least one TLS DNA Pol can contribute to antigenic variation. sites. The fragment was cloned into the pPGL2084 vector [36] in a BP recombinase reaction, using the Gateway® BP clonase® II Enzyme mix Kit (Life Technologies), following the manufacturer's instructions. The final vector was linearized with AscI and transfected into the genetically modified Lister 427 strain, 2T1. The transformants were selected with 5 µg/ml hygromycin, in the presence of 2.5 µg/ml phleomycin.
Survival assay
TbPolN RNAi cell line was cultured in tetracycline (Tet) free medium containing phleomycin and hygromycin. Parasites were dilute into two cultures of 1x10 4 cells/ml, one containing 1 µg/ml tetracyclin (Tet+) to induce the RNAi-mediated depletion of the gene. The population density was assessed every 24 for a period of 3 days, using the Neubauer haemocytometer.
The cells survival was also tested after the exposure to genotoxic stress. The cells were prepared as described above. Both flasks were mixed and 1ml of each culture aliquoted to a 24 well plate. The appropriate concentration (0%, 0.001%, 0.002%, 0.003%) of MMS was added to each well of Tet-and Tet+ cells, assessing the population density every 24 hrs. In the case of UV exposure the Tet-and Tet+ cells were UV irradiated (0 J/m 2 , 500 J/m 2 , 750 J/m 2 , 1000 J/m 2 and 1500 J/m 2 ) 24 hrs post induction using a Stratagene Stratalinker UV Crosslinker 2400.
Damage accumulation assay
Two cultures containing 2x10 4 TbPolN RNAi cells were grown in the absence and presence of 1 µg/ml of tetracycline. After 24 hrs, 48 hrs and 72 hrs, 2x10 6 parasites were harvested by centrifugation (405x g) and washed with 1x PBS. The cells were prepared for western blot and immunofluorescence as described above. For both approaches anti-γH2A antibody, which recognises Thr130 phosphorylated histone H2A, was diluted to a concentration of 1:1000 and detected with α-rabbit HRP conjugate (1:3000) for western blot and Alexa Fluor® 594 α-rabbit (1:1000) for immunofluorescence analysis.
EdU incorporation assay
TbPolN RNAi cells were incubated with 150 µM of 5-ethynil-2'-deoxyuridine (EdU; Life Technologies) for 4 hrs at 37 °C with 5% CO 2 . The cells were then harvested by centrifugation at 1000x g for 5 min and washed with 1x PBS. The pellet was re-suspended in 20 µl of 1x PBS and the cell suspension was pipetted onto a 12 well slide, pre-treated with poly-L-lysine, and left to settle for 5 min. The supernatant was removed and 25 µl of 4% paraformaldehyde was added and left for 4 min, followed by a wash with 3% BSA in 1x PBS.
The cells were permeabilised by adding 20 µl of 0.2% Triton X-100 (Promega) in 1x PBS for 10 min at room temperature. The wells were washed twice with 3% BSA in 1x PBS. The supernatant was removed and 25 µl of the Click-iT® (Life Technologies) reaction, containing 21.25 µl of 1x Reaction Buffer, 1 µl of CuSO 4 , 0.25 µl Alexa Fluor® 555 Azide and 2.5 µl of 1x Reaction Buffer, was added for 1 hr at room temperature. The solution was removed and the cells were washed 6 times with 3% BSA in 1x PBS. The Fluoromount G containing DAPI mounting medium was added and the slide was covered with a coverslip and sealed. In the case of a double labelling detection, EdU signal and phosphorylated γH2A signal, the sample was incubated first with the Click-iT® reaction, followed by 1 hr incubation with 1% BSA/0.2% Tween-20 in 1x PBS. Afterwards, anti-γH2A antibody diluted 1:1000 was added for 1 hr and detected with Alexa Fluor® 594 α-rabbit diluted 1:1000. The images were captured using a Zeiss Axioskop 2 fluorescent microscope (63x/ 1.4 oil objective). The images were acquired using the ZEN software package (Zeiss;
http://www.zeiss.com/corporate/en_de/home.html).
Measurement of fluorescence intensity
For the intensity analysis the software Fiji (ImageJ) was used to convert images to grayscale and to subtract the background. A circle of 2.1 x 2.1 pixel region of interest (ROI) was drawn around the cell, obtaining the density (area and the mean gray value) and mean fluorescence value of each cell. For each image a region with no fluorescence was selected, which corresponds to the background control. The fluorescence intensity was obtained by calculating the corrected total cell fluorescence (CTCF) using the following formula:
Fluorescence in situ hybridisation (FISH)
Approximately 5x10 6 cells were harvested by centrifugation at 405x g for 10 min and washed in 1x PBS at 660x g for 3 min. The supernatant was removed and the pellet re-suspended in 4% formaldehyde in 1x PBS for 20 min at room temperature. The cells were washed and resuspended in 65 µl of 1x PBS and spread onto a pre-treated poly-L-lysine (Sigma Aldrich) slide and left to settle for 20 min. and heated at 85 °C in a water bath for 7 min. Once the slide was completely dry the hybridization solution containing the probe was added. The slide was covered with a plastic coverslip and incubated at 95 °C for 5 min (water bath), followed by 16 hrs incubation at 37 °C. Then, the coverslip was removed and the slide was washed for 30 min with 2x SSC (Thermo Fisher)/50% Formamide solution at 37 °C, 60 min with 0.2x SCC at 50 °C and a final wash with 4x SSC at room temperature for 10 min. The slide was finally mounted in Fluoromount G containing DAPI and sealed with nail varnish.
Cell viability assay
Approximately 1x10 6 cells were harvested and washed twice with 1 ml TDB (1500xg, 4°C, 10 min). The supernatant was discarded and the pellet was taken up in 400 µl TDB.
Propidium iodide was added in a final concentration of 2,5 µg/ml to the resuspended pellet and incubated for 10 min on ice. Analysis of the dyed cells was performed with a BD FacsCalibur. For the analysis of dead cells, WT cells without puromycin resistance were incubated overnight with a final concentration of 1 µg/ml puromycin.
Cell cycle analysis with propidium iodide 2x10 7 cells harvested and washed with 1 ml PBS (1500xg, 4°C, 10 min). The cell pellet was resuspended in 2 ml ice-cold PBS/2 mM EDTA and fixed by the dropwise addition of 2,5 ml ice-cold EtOH. After 1 hr of incubation at 4°C the cells were washed with 1 ml PBS (1500xg, 4°C, 10 min) and the pellet resuspended in 1 ml PBS. 10 µg RNaseA and propidium iodide in a final concentration of 10 µg/ml were added to the suspension. After inverting of the sample three time, the cell suspension was incubated for 30 min at 37°C. Cells were stored at 4°C before analysis with a BD FACSCalibur.
VSG-2 analysis by flow cytometry
All devices and solutions were precooled (4 °C). Approximately 1x10 6 cells were harvested (1500 g, 4 °C, 10 min) and the cell pellet suspended in 100-500 µl HMI-9 medium. The VSG-2 CRD A antibody was added (1:500) and then the suspension was incubated rotating for 1 hr (6 rpm, 4 °C). The cells were sedimented and washed twice with 500 µl HMI-9 medium (1500 g, 4 °C, 10 min). The pellet was suspended in 500 µl HMI-9 medium and the secondary antibody, Alexa Flour® 488 anti-rat IgG, was added (1:2000) . The suspension was incubated, with rotating for 10 min at 4 °C. The cells were sedimented, washed twice with 500 µl TDB (1500 g, 4 °C, 10 min) and resuspended in 400 µl TDB medium. The cells were stored at 4 °C until analysis using a BD FACSCalibur. Prior to this experiment, the procedure was conducted without addition of the primary and secondary antibodies. After resuspension of the pellet in 400 µl of TDB, propidium iodide was added to a final concentration of 2.5 µg/ml and incubated for 10 min on ice. At the BD FACSCalibur the gate was set such that only living cells were considered for the analysis.
Isolation of soluble VSG for mass spectrometry analysis
Approximately 4x10 7 cells were precooled for 10 min on ice and then harvested with 1500 xg for 10 min at 4 °C. The cell pellet was resuspended in 45 µl 10 mM sodium phosphate buffer with additional protease inhibitors (leupeptin, PMSF and TLCK). The suspension was incubated for 5 min at 37 °C and then cooled down for 2 min on ice. 
Results

T. brucei encodes separate DNA polymerase and helicase proteins related to the two domains found in eukaryotic PolQ (theta)
Eukaryotic cells, with the exception of fungi, express a range of factors related to DNA PolQ (theta), a protein that possesses both a C-terminal family A DNA Pol domain and an Nterminal super family 2 helicase domain ( Fig.1, [ [46] ; [47] ; [48] and roles in inter-strand cross link and recombination repair [49] ; [50] ; [51] have been detailed, whereas HelQ-like proteins have been investigated in multicellular eukaryotes and archaea ( Fig.1) [37]; [52] ; [53] ; [54] ; [55] . In this evolutionary context, the PolQ-related protein complement found in T. brucei is highly unusual, since the parasite does not encode a PolQ protein with both DNA Pol and helicase domains, but encodes both PolN-and HelQ-like proteins ( Fig.1) . Thus, T. brucei and related trypanosomatids are the only organisms beyond mammals to possess genes encoding both truncated PolQ homologues, and the only organisms so far detailed that express only these proteins and not PolQ [56] . Whether this is because PolQ evolved in some eukaryotes as a gene fusion, or if T. brucei and relatives discarded PolQ is unclear. Nonetheless, the lack of T. brucei PolQ is perplexing, since the parasite displays robust microhomology-mediated end-joining activity [57] ; [58] ; [59] .
PolN-like genes are found syntenically in all kinetoplastids ( Fig.1 ), and sequence alignments reveal the presence of six conserved Pol domains, consistent with Pol activity, as seen in purified protein from Leishmania infantum (there called PolQ, [60] ). Intriguingly, sequence insertions between some of the Pol domains, which have been shown to underlie the lesion bypass activity of human PolQ [39], are much more marked in the L. major PolN than in the orthologues from T. brucei or T. cruzi (Fig.1 ). Whether this might mean alteration in TLS functions of the trypanosome proteins relative to the ability of L. infantum PolN to bypass 8oxoG, abasic sites and thymine glycol lesions in vitro is unclear [60] .
Super-resolution imaging reveals discrete subnuclear localisation of TbPolN
Localisation of T. brucei PolN (TbPolN) was assessed by immunofluorescence imaging using a cell line generated to express TbPolN as fusion to 12 C-terminal copies of the myc epitope (TbPolN-12myc; Fig.2 ). Western blotting revealed expression of a myc-tagged protein of the expected size ( Fig.S1A ). Intracellular localisation was expected to be nuclear [61] and examined with and without growth of the cells in the presence of the alkylating agent methyl methanesulfonate (MMS, 0.003%) for 18 hrs. In both conditions all anti-myc signal was found in the nucleus (Fig.S1B, C) , and in the absence of MMS treatment confocal images suggested localisation of the protein in discrete subnuclear puncta ( Fig.S1B ).
Structure illuminated super-resolution imaging revealed multiple puncta, with two relatively intense puncta present at the nuclear periphery in all cells (Fig.2 ). After growth in MMS, antimyc signal was more dispersed throughout the nucleoplasm, perhaps suggesting redistribution of TbPolN-12myc in the presence of damage ( Fig.2 ). What features of the nuclear genome or nucleus are predominantly localised in the two regions of the nuclear periphery is unclear. However, fluorescent imaging of both TbPolN-12myc and Thr130phosphorylated histone H2A (gH2A), did not reveal extensive overlap of the two signals with or without MMS treatment ( Fig.S2 ), suggesting TbPolN is not associated with the small numbers of relatively discrete lesions marked by gH2A in WT cells [62] ;[31], nor is it recruited to all the damage generated by MMS.
PolN is important for growth of bloodstream form T. brucei
To learn more about the function of TbPolN in trypanosomes, we used tetracycline-inducible
RNAi to deplete the protein in BSF cells ( might also reflect cell death, we asked how many unpermeabilised cells could take up and be stained with propidium iodide (Fig. S3 ). 48 hrs after RNAi induction, when growth was strongly affected and substantial loss of G1 cells was detected, only around 10% of cells were classified as 'dead' by this approach. Hence, it seems unlikely that stagnation of cell growth after TbPolN loss is caused predominantly by cell death.
To ask if TbPolN contributes to DNA repair, growth was evaluated before and after RNAi in the presence of MMS and after exposure to UV light ( Fig.S4 ). In each case, the extent of growth impairment caused by addition of the genotoxic agents was slightly more pronounced after RNAi than before. Thus, although TbPolN-12myc does not display extensive colocalisation with gH2A signal after MMS exposure ( Fig.2) , it may contribute to the response to alkylation damage and the distinct lesions caused by UV. Whether the range of damage TbPolN acts on overlaps with or is distinct from the orthologous protein in L.
infantum is unclear, but LiPolN is also implicated in tackling a range of lesions [60] , perhaps suggesting a wide range of activities for kinetoplastid PolNs.
Analysis of aberrant cells 48-72 hrs post RNAi induction
To learn more about the effects of TbPolN depletion, cells from 24-72 hrs after RNAi induction were stained with 4',6-diamidino-2-phenylindole (DAPI), which allows visualization of the trypanosome nucleus (N) and the kinetoplast (K) ( Fig.4 ). Depending on the stage of the cell cycle the N-K content of an individual will vary, because replication and segregation of the nucleus and kinetoplast differ in their timing [63] . Cells displaying a 1N1K content are predominantly in G1, though some may have entered nuclear S (which can also be seen by an elongated K configuration and, perhaps, increased N staining). Cells with 1N2K configuration are predominantly in G2/M, and cells that have completed mitosis and are undergoing cytokinesis are 2N2K. Changes in the distribution of these configurations in mutants or after RNAi indicate altered cell cycle dynamics, and non-standard configurations have been detailed to arise after mutation or depletion of specific genes [64] ; [65] . In this experiment, RNAi was performed in cells in which TbPolN-12myc was expressed from its own locus, allowing us to evaluate the effectiveness of the knockdown. 24 hrs after depletion of TbPolN the DNA content distribution of the population and cell outline did not seem to be strongly affected, though a minor increase in the number of 1N2K cells, a small decrease in 2N2K cells and the appearance of cells with non-standard DNA configurations ('other') was apparent in light of the effects seen later. 48 hrs post RNAi induction a pronounced decrease in 1N1K cells and a further loss of 2N2K cells was clearly seen. In addition, though the numbers of 1N2K cells did not appear to increase further relative to 24 hrs, there was a very strong accumulation of cells with aberrant DNA content. At the same time, the cells had lost their typical trypomastigote shape. DNA content in the aberrant cells was hard to classify, but most cells had multiple kinetoplasts and abnormal, enlarged nuclei. These data suggest an initial, partial arrest in G2/M after loss of TbPolN, which is then overridden and the cells progress to mitosis but cannot complete it accurately, explaining the reduction in 2N2K cells, accumulation of abnormal cells, and the strong decrease of 1N1K (G1) cells. Overall, the DAPI analysis also appears consistent with the flow cytometry ( Fig.3) . Surprisingly, the DAPI time course also revealed that the pronounced cell cycle perturbations seen 48 hrs after RNAi induction were somewhat transient phenotypes, since at 72 hrs the numbers of 1N1K cells increased and the numbers of aberrant cells decreased relative to 48 hrs ( Fig.4B ); in addition, it was possible to observe greater numbers of cells with more regular body shape ( Fig.4A ). The basis for this change is unclear, since western blot analysis indicated that levels of TbPolN-12myc were reduced from 24 hrs after RNAi induction, and the protein was still undetectable at 72 hrs. Moreover, the apparent reversion was not associated with increased growth, as the RNAi cells still grew more slowly than uninduced controls at 72 hrs.
Nonetheless, the shift from a severe to a less severe cell cycle perturbation from 48-72 hrs was mirrored in two other phenotypes we examined (see below).
TbPolN loss is associated with aberrant cell morphology
As Since in T. brucei the kinetoplast is connected to the flagellum basal body [66] , the number of kinetoplasts is normally directly related with the number of flagellar pockets, perhaps suggesting that DAPI imaging did indeed detect multiple kinetoplasts after depletion of TbPolN. The SEM images support this observation and reinforce the suggestion of aberrant cell division after TbPolN loss, since multiple flagella were readily detected in single cells.
RNAi induced cells also presented irregular nuclei. Though this phenotype was not detected in all cells, it is consistent with aberrant nuclear staining with DAPI and suggests problems associated with replication or division of the nucleus. Finally, swollen 'vacuole-like' structures were found in a few cells. These structures seemed to be lacking any content and how they arose is unclear
Loss of TbPolN results in nuclear damage in some cells
In T. brucei and Leishmania it has been demonstrated that Thr130 phosphorylation of histone H2A occurs in the presence of diverse types of damage [62] and in gene mutants
[31]; [67] ; [15] , indicating this H2A modification is the kinetoplastid variant of serine phosphorylation of either H2A or the H2Ax variant in other eukaryotes. To assess the levels and distribution of γH2A after TbPolN RNAi, both immunofluorescence and western blotting were performed ( Fig.6 ). Western analysis revealed that expression of γH2A was greater at both 24 and 48 hrs after TbPolN RNAi relative to uninduced cells. Immunofluorescence showed that a small amount of nuclear γH2A signal was seen in some uninduced cells, consistent with previous studies. After RNAi, only a modest increase in γH2A signal was seen in some cells after 24 hrs, whereas a substantially stronger signal was seen 48 hrs post RNAi induction ( Fig.6, Fig.S5 ). Nevertheless, even 48 hrs after RNAi not every cell showed clear γH2A signal, and the level of nuclear anti-γH2A staining varied substantially between cells ( Fig.S5 ), indicating the levels of nuclear damage resulting from loss of TbPolN were not uniform across the population. 72 hrs after RNAi γH2A signal decreased relative to the 48 hrs ( Fig.6 ), mirroring the DAPI analysis of cell cycle changes ( Fig.4 ).
Depletion of TbPolN affects nuclear DNA replication
The 
Accumulation of DNA damage after TbPolN loss has a complex correlation with DNA replication
To ask if the accumulation of nuclear γH2A and impairment of DNA replication after TbPolN loss are linked, RNAi cells were grown for 48 hrs with tetracycline, stained for EdU uptake and simultaneously evaluated for γH2A expression by immunofluorescence (Fig.8 ). In the uninduced population, where few cells displayed γH2A signal, most had taken up EdU, meaning most (but not all) were negative for the former marker and positive for the latter. In contrast, many cells could be detected after TbPolN RNAi that did not display EdU signal but had γH2A signal (Fig.8, Fig.S5 ); indeed, this was commonly observed in aberrant cells. In addition, some cells without γH2A could be detected that had incorporated EdU (Fig.8,   Fig.S5 ). Though these patterns may be consistent with stalling of nuclear DNA replication in those TbPolN RNAi cells that accumulate nuclear damage, cells were also detected, albeit less frequently, which were positive for both EdU and γH2A (Fig.8 ). These latter cells suggest that a simple cause and effect, such as genome damage resulting from TbPolN loss leading to impairment of DNA replication and growth, or vice versa, is not clear.
Loss of TbPolN results in aberrant chromosome segregation in a subset of cells
Although PolN mutation has not been associated with chromosomal abnormalities in other eukaryotes, the severity of the phenotypes observed after RNAi depletion of TbPolN prompted us to test for loss of chromosome integrity. In order to do so, a telomerefluorescence in situ hybridisation (Telo-FISH) assay was performed on TbPolN RNAi cells after 24 hrs and 48 hrs with and without RNAi induction ( Fig.9 ). Because mini-chromosomes are more abundant than megabase-chromosomes, it is likely that most of the signal seen using a telomere probe corresponds to the former molecules. As seen in previous work [69] , in uninduced RNAi cells, telomere signal was seen diffusely around the nucleus during interphase, with a stronger signal towards the nuclear envelope [70] . During metaphase the telomeres were found in the centre of the nucleus, and during anaphase the telomeres localised towards the nuclear poles [70] ; [69] . From 24 hrs after RNAi induction, corresponding with the emergence of growth arrest, cell cycle abnormalities and DNA damage, cells with aberrant telomere signals could be seen ( Fig.9 , further examples Fig.S6 ).
Most interphase cells appeared comparable with the controls, whereas the typical telomere distribution during metaphase was often absent after RNAi, with cells detected that lacked the expected signal at the equator of the nucleus. During anaphase the ordered segregation of the telomeres into each of the two progeny cells could also be seen to be compromised, with unequal distribution of signal in the nuclei. Finally, telomere distribution was notably unusual in aberrant cells, which were mainly seen after 48 hrs of RNAi and whose N-K content meant their stage in the cell cycle was unclear. Taken together, these data may be explained by inaccurate chromosome segregation events during mitosis in some cells after loss of TbPolN, which appears concomitant with the emergence of cells with abnormal N-K ratios and consistent with loss of the putative TLS Pol not impeding mitosis.
Loss of TbPolN leads to increased expression of silent VSG genes
Given our previous demonstration that TbPolN binds to chromatin containing telomeric repeats [16] , and the above evidence that loss of TbPolN can affect telomere distribution during nuclear division, we next asked if loss of TbPolN affects the expression of VSGs from telomeric bloodstream VSG expression sites (Fig.10 ) 
Mass spectrometry analysis shows increased expression of VSGs from throughout the silent archive after PolN depletion
To attempt to distinguish between loss of transcriptional control and increased switching, we sought to determine the range of VSGs that become expressed in TbPolN-depleted parasites ( Fig.11 ). To do so, we used a recently published protocol [71] Table 1 ). In addition, substantial increased levels were detected of VSG-653, which is present in a metacyclic VSG expression site (MES) and normally only expressed in the tsetse fly. Finally, we could identify increased abundance of several VSG, such as VSG-636 and VSG-336, which are located in sub-telomeric regions of chromosomes 8 and 9 and not within a BES or MES.
Taken together, these data suggest that increased VSG expression after loss of TbPolN may not simply result from derepression of normally silent telomeric VSG genes in the BES and, perhaps, the MES. The observation that VSGs from the silent, subtelomeric arrays are also found to increase may suggest that loss of TbPolN also increases recombination events between subtelomeric VSG genes and the BES.
Discussion
Translesion DNA Pols, in addition to allowing cells to grow and survive in the presence of hard to repair genome lesions, are increasingly implicated in wider genome functions, including in various repair pathways [72] ; [73] , telomere homoeostasis [74] ; [75] and replication initiation [45] . In this work we have explored the functions of PolN in T. brucei and document that this putative TLS Pol, in addition to having important roles in genome maintenance, acts in antigenic variation, a strategy for immune evasion found in a diverse array of bacterial, fungal and protozoan pathogens.
Relatively little work has explored the functions of TLS PolN in other eukaryotes, but null mutants of the gene are viable in mice [51] . Loss of PolN has been described to affect meiotic recombination, with conflicting evidence for the protein having a role in tackling cross-link DNA damage [51] ; [50] . One reason that has been proposed for this limited functionality is that PolN may have arisen recently in evolution, having only been described to date in metazoa [51] . This limited phyletic distribution contrasts with PolQ, which is found might be is unknown. TbPPL2 has been shown to allow replication bypass of base crosslinks generated by UV and 8-oxoG formed by oxidation, but is not capable of bypassing 3dMeA or an abasic site [15] . LiPolN (LiPolQ), the likely Leishmania orthologue of TbPolN, shares some but not all of these catalytic activities: like TbPPL2 it can bypass 8-oxoG, but is also capable of crossing an abasic site [60] . Whether any of these activities underlie the important, endogenous roles played by the TLS Pols is unknown, and we cannot exclude the possibility that the defects seen after loss of either protein reflect a shared and hitherto undescribed role. Notably, previous analysis did not ask if loss of TbPPL2 affects VSG expression, as we describe after RNAi of TbPolN.
Our previous work revealed association of TbPolN with the T. brucei telomere [16] , but what role it may play was not tested. To date, PolN has not been associated with telomere homeostasis in any eukaryote, though TLS Pol eta activity has been shown to contribute to alternative lengthening of telomeres in mammalian cells [74] , where it may contribute to recombination [76] . No such activity has been described for PolN in any organism, and analysis of the potential roles of kinetoplastid TLS Pols in recombination is so far limited to T. cruzi [77] ; [78] , without examining the telomere. Our data show that loss of TbPolN results in changes in expression of VSG genes that are found adjacent to the telomere with evidence for increased expression of VSG in BES and MES, as well as subtelomeric array VSGs. We cannot say if these alterations are due to an impact of TbPolN loss on telomere maintenance, but the effects on VSG expression controls have some similarity with those seen after loss of [79] have been described in the VSG BES, as well as elsewhere in the genome [31]; [80] . If TbPolN were to play a catalytic role in VSG recombination, it is unclear why its depletion would lead to the observed increases in silent VSG expression, rather than impeding changes in VSG expression. A wider explanation may be that loss of TbPolN affects genome replication, which then deregulates the controls that normally ensure monoallelic VSG expression. For instance, it is known that 
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